Abstract
Introduction
Flow diversion is a treatment option for anatomically challenging intracranial aneurysms and has been gaining increasing popularity among neuro-interventionists. The Pipeline Embolization Device (PED; ev3-Covidien, Irvine, CA, USA) is a self-expanding, braided cylindrical mesh consisting of 48 strands of cobalt-chromium and platinum-tungsten wires [1] . A unique feature that distinguishes PED from regular intracranial stents is the 30-35% metal surface area coverage designed to assist endo saccular embolization [2] . Through this feature, the PED alters the hemodynamics within the aneurysm and its parent vessel and induces aneurysm thrombosis and eventually occlusion [3] . Following the publication of large multicenter trials [4, 5] , PED was approved by the Food and Drug Administration (FDA) to treat large and giant unruptured aneurysms located between the petrous and superior hypophyseal segments of the internal carotid artery (ICA). While PED is FDA approved for use in that location, its use has expanded to include small aneurysms, ruptured aneurysms, and/or posterior circulation aneurysms. The new generation of PED, also called Pipeline Flex Embolization device, received FDA approval in 2015. In this study, we report the feasibility, and efficacy of off-label anatomical second-generation PED use for ruptured and unruptured intracranial aneurysms. Additionally, we report the safety profile and complication rates of PED with a novel periprocedural antiplatelet management protocol in the absence of preprocedural platelet activation testing.
Materials and Methods
The prospectively maintained data registry at the University of Iowa Hospitals and Clinics was analyzed. Patients with intracranial aneurysms in all arterial segments other than the segment between petrous, and superior hypophyseal segments were included in this study. Collected data included baseline characteristics, aneurysm characteristics, antiplatelet regimen, number of PEDs used, intraoperative and postoperative complications. Angiographic results post aneurysmal treatment with PED was assessed by DSA using the Raymond Roy occlusion Classification (RROC) where RROC class 1 indicates complete embolization, RROC class 2 indicates neck remanence, and RROC class 3 indicates the presence of residual aneurysm [6] . The study was approved by the Institutional Review Board.
Statistical Analysis
Normality was assessed for continuous variables using Shapiro-Wilk normality test. Student's t test was used for normally distributed variables, whereas Mann-Whitney U test as a nonparametric alternative. In addition, Fisher exact or chi-square test was conducted to compare percentage of each of the binary groups. Postop complication was used a primary outcome. In all cases, a p value of less than 0.05 was considered to indicate statistical significance. Statistical analysis was performed using GraphPad software version 7.03 (GraphPad Software).
Results

Patient Demographics and Aneurysm Characteristics
Between March 2015 and December 2017, 231 patients were treated with PED and of those 36 patients underwent off-label aneurysmal treatment with PED. Baseline characteristics are presented in Table 1 . Mean age was 58.2 ± 14.6, 19 patients were women (52.8%), and 32 were Caucasian (88.9%). Twenty-nine patients had modified Rankin Scale (mRS) of 0-2 on admission, 3 had mRS of 4, and 4 had mRS of 5. Seven aneurysms (19.4%) were ruptured on presentation, and 29 (80.6%) were unruptured. Thirty aneurysms were small (< 10 mm), 4 were large (10-25 mm), and 2 were giant (> 25 mm) aneurysms. The most common location was the vertebral artery (8/36), and most were intradural (7/8); this was followed by the anterior cerebral artery (ACA), and posterior cerebral artery (7/36 in each location), followed by middle cerebral artery (MCA; 6/36). Thirty-four aneurysms were treated for the first time and 2 were previously treated with primary coiling and pipeline stenting respectively. Table 2 demonstrates that pipeline complications were independent of age, sex, aneurysm size, mRS at admission, rupture status, and number of PEDs. Seven patients had 2 pipelines, one had 4 pipelines and the remainder patients had 1 pipeline placed. The number of devices was largely dependent on the size of the aneurysm.
Endovascular Procedure
All elective procedures were performed under minimal conscious sedation. An access guide catheter was used to selectively catheterize the major parent vessel (ICA, vertebral) under fluoroscopic guidance. A Marksman microcatheter (Medtronic) was then advanced distal to the aneurysm using a Synchro-2 microwire (Stryker) under roadmap. Depending on the aneurysm size, 1, 2, or 4 PEDs (Medtronic) were deployed through the Marksman microcatheter using a coaxial guide-catheter system.
Antiplatelet Regimen
For unruptured aneurysms, patients were bolused with 3,000 units of heparin at procedure onset. Patients with ruptured aneurysms did not receive a heparin bolus. Tirofiban (Medicure) was administered immediately following the deployment of the PED: no bolus was given and an infusion of 0.1 µg/kg/min was maintained for 2-6 h after the procedure as described previously [7, 8] . All patients were also loaded with dual antiplatelet (aspirin 325 mg and clopidogrel 600 mg) immediately pre or post procedure. Aspirin and clopidogrel response testing was not performed pre or post procedure. Most aneurysms (28, [78%]) were treated with 1 pipeline, 7 aneurysms required 2 pipeline devices, and 1 required 4 pipeline devices. MCA, middle cerebral artery; ACA, anterior cerebral artery; PCA, posterior cerebral artery; Acomm, anterior communicating artery. 
Complications and Outcomes
No intraoperative complications were reported. Five patients (13.9%) experienced postoperative complications: Four ischemic strokes and 1 groin hematoma (Fig. 1) . One patient with an anterior communicating artery (Acomm) aneurysm experienced mild left-sided weakness following PED placement, MRI brain showed right MCA territory infarct. The patient's left-sided weakness improved upon discharge and was at baseline at 3 months' follow-up. Another patient developed right-sided weakness following the procedure, and at follow-up, the patient had very mild right leg weakness. The third patient presented with multiple brainstem infarcts and found to have a giant thrombosed basilar artery aneurysm. This patient expired during his hospital stay. He initially presented with left-sided weakness, and shortly after that he started having decreased level of consciousness and was intubated for airway protection. He underwent PED deployment in his basilar artery; however, given the lack of exam improvement, the family elected to pursue comfort care. The fourth patient had sudden onset right face and arm numbness 1 day following PED placement. She was found to have left P1 occlusion and underwent mechanical thrombectomy. The patient was discharged home with no focal neurologic deficit. Three of the 9 (33.3%) patients with PED deployed in the ACA territory (A1 segment) had ischemic stroke and 2/21 (9.5%) in the posterior circulation. Nineteen patients had follow-up angiograms, 15 (78.9%) of whom had Raymond-Roy scale of 1, 3 (15.8%) achieved a scale of 2, and 1 (5.3%) had a score of 3 ( Fig. 2-4) . Time of the follow-up angiogram was between 3 and 8 months with an average of 5.9 months following PED placement. For the remaining 17 patients, 9 patients had a followup arterial imaging with MRA or CTA of the head. Of those, 6 showed no residual aneurysm, 1 showed tiny residual aneurysm, and 2 had residual aneurysm. All patients were started on aspirin 325 mg and clopidogrel 75 mg daily at the beginning of the procedure or immediately post procedure. Two patients were eventually switched from clopidogrel to ticagrelor after experiencing ischemic stroke complication. We empirically switched these 2 patients and did not perform platelet function before changing their antiplatelet regimen. At follow-up, 31 patients (86.1%) achieved an mRS of 0-2. 
Discussion
Our case series suggests that using pipeline flow diverting devices to treat intracranial aneurysms outside the circle of Willis may be feasible and effective. Importantly, our study demonstrates that our antiplatelet regimen, which does not require platelet activation testing prior to or after PED use was not associated with higher complication rates when compared to previous studies that used platelet function testing. The complication rate observed in our case series falls well with the previously reported complication rate with use of PED in the FDA approved anatomical location [9] .
The safety and efficacy of the first-generation PED have been shown in multiple previous clinical trials leading to its approval by the FDA in 2014 [5, 9, 10] . The IntrePED (International Retrospective Study of the PED) study was a multicenter, retrospective study that assessed the complication rates following PED placement for intracranial aneurysm treatment in a real-world setting. In this study, most aneurysms were in the ICA and only 6.5% were in the posterior circulation and 1.7% in the MCA. The complication rate was 8.4%. Most of complications were related to ischemic stroke. Our study shows similar rate of complications; however, our study is unique in that we only included patients with aneurysms located outside the FDA-approved locations.
Aneurysms of the MCA, ACA, and ACoA account for 5-10% of aneurysms [11] . The current gold standard treatment for such aneurysms is microsurgical clipping [11, 12] . While microsurgical clipping is associated with high occlusion rates, it has increased morbidity and mortality [11, 12] . Given the small size of the parent artery of such aneurysms are small (< 2.5 mm in caliber), endovascular treatment can be challenging [13] . Stenosis, parent vessel occlusion secondary to neointimal hyperplasia/inflammatory response, and branch vessel occlusion are some of the complications related to PED placement [14] . Few previous studies evaluated the use of PED for aneurysms in the distal anterior circulation location. A study by Lin et al. [15] evaluated 28 patients with distal anterior circulation aneurysms treated with PED. The complication rate during the periprocedural period was 10.7%, and no deaths were reported in this study. Most patients (96.4%) had a good outcome, with mRS scores between 0 and 2, and 1 patient had a fair outcome, with an mRS score of 3. Martínez-Galdámez et al. [16] also looked at the use of PED for treatment of 25 aneurysms outside the circle of Willis. In this series, there were 2 minor postoperative events, both resolved spontaneously within 24 h, 1 major postoperative event, as well as 3 procedural complications that resolved without major deficits. No deaths were reported in this study either. Our study findings are in concurrence with those of other studies and demonstrate promising results for the use of the PED for the treatment of aneurysms in the distal cerebrovascular circulation, and more importantly in cases that are considered too difficult to treat using conventional methods. The use of the PED in the posterior circulation has not been widely accepted due to the unique characteristics of the cerebral vasculature and aneurysms arising in this location. Specifically, numerous unforgiving perforator vessels arise in this area and supply brainstem structures that could become occluded and could lead to significant disability [17, 18] . Previous studies evaluating the use of the PED in the posterior circulation have demonstrated higher mortality and morbidity rates [18, 19] . Phillips et al. [18] assessed the safety of PED placement in 32 patients with posterior circulation aneurysms. Of the 21 patients who had basilar artery aneurysms, perforator infarctions were seen in 3 patients (14%), although just a single PED was used in each case. The authors concluded that clinical perforator infarction rates may be higher when the PED is placed within the basilar artery compared with the ICA. More recent studies have demonstrated better outcomes. Munich et al. [17] assessed the outcomes in 12 patients with vertebrobasilar fusiform aneurysms treated with the PED. Complications related to the procedure occurred in 3 patients, resulting in death in 1 of the cases; the other 2 cases had significant improvement of symptoms. There were no thromboembolic complications seen in this series. More recently, our group published a series of 7 patients treated for ruptured vertebrobasilar dissecting aneurysms [20] . In our series, there were no intraoperative complications directly related to the PED placement and no patient re-bled. In this study, 21 patients had posterior circulation aneurysms. Only 2 patients experienced a complication. These patients had an ischemic stroke that did not lead to long-term disability upon follow-up.
Thromboembolic events after PED placement remains a feared complication. Previous studies reported the presence of diffusion-weighted imaging changes on MRI in up to 52% of patients treated with PED [21] . To reduce the risk thromboembolism associated with PED, antiplatelet agents are routinely used following PED placement [22] . The most widely utilized regiment is a combination of aspirin and clopidogrel. Evidence from cardiology literature suggests that antiplatelet regimen modification based on platelet function tests might be associated with better clinical outcome [23] [24] [25] . Many neuro-interventionalists use platelet function assays to guide their antiplatelet regimen; however, there is paucity of evidence in the neuro-endovascular literature. Controversy exists as to whether platelet testing is necessary in patients who undergo PED placement because the benefits are yet to be proven. Brinjikji et al. [26] used the International Retrospective Study of PED registry and studied the complication rates in groups of patients who underwent platelet testing and those who did not undergo platelet testing. After evaluating 800 patients they found that platelet function testing was associated with significantly higher odds of morbidity in patients who underwent PED placement. The authors speculated that aggressive periprocedural manipulation of loading doses of antiplatelet or other adjunctive drugs may be causal. In 2016, Skukalek et al. [27] published an extensive review and meta-analysis examining the impact of platelet testing in patients treated with PED on the rates of thrombotic and hemorrhagic complications. Their analysis of 19 single-center and multicenter studies found no significant association between the use of platelet function test and the rates of symptomatic thrombotic or hemorrhagic complications with PED placement. In our study, our patients did not have a platelet function test prior to the procedure as the decision to use PED was made intraoperatively after carefully considering alternative options. In those cases, the interventionist determined that alternatives were not viable and the decision was then made to proceed with PED. We utilized
